Axonal/neuronal pathology is an important and early feature of multiple sclerosis and its animal model, experimental autoimmune encephalomyelitis (EAE). However, the underlying molecular mechanisms remain elusive. We have previously reported that the levels of an important neuronal calcium pump, plasma membrane calcium ATPase 2 and synaptic proteins, synapsin IIa and syntaxin 1B are decreased in the rat spinal cord at onset of acute EAE. Whether the expression of these genes is restored during neurological recovery and affected in other EAE models is currently unknown. The present study was undertaken to address these issues by use of validated multiplex quantitative real-time RT-PCR with fluoro-primers, western blot and immunocytochemistry. We report that plasma membrane calcium ATPase 2 (PMCA2) transcript and protein levels return to control values during recovery from acute disease in the Lewis rat, whereas they are reduced throughout the course of chronic, non-remitting EAE in the C57Bl/6 mouse. These results indicate a close correlation between PMCA2 levels and disease course as defined by clinical scores reflecting motor deficits. Decrease in synapsin IIa expression also correlated with the onset and progression of neurological symptoms, whereas the pattern of syntaxin 1B mRNA and protein expression suggested posttranscriptional regulation. The decrease in PMCA2 transcript and protein levels and the correlation between expression and disease course in two different EAE models further highlight the importance of this calcium pump in neuronal dysfunction during inflammation.
Introduction
Experimental autoimmune encephalomyelitis (EAE) is one of the best-characterized animal models of multiple sclerosis (MS). It is induced in rodents by immunization with myelinderived peptides and spinal cord homogenates or by adoptive transfer of encephalogenic T-cells. The use of different animal species or strains and immunization protocols results in distinct disease course and diverse pathological features that mimic various aspects of MS (Wekerle et al., 1994; Weissert et al., 1998; van der Goes & Dijkstra, 2001; Storch et al., 2002) . Lewis rats inoculated with myelin basic protein (MBP) develop either a mild disease followed by recovery of function or severe symptoms, depending on the immunization protocol used (Imrich & Harzer, 2001 ). In this model, demyelination is little or absent. The C57Bl/6 mice develop chronic EAE with symptoms lasting for several weeks when immunized with myelin oligodendrocyte glyco-protein (MOG) . Demyelination is one of the hallmarks of this model.
Despite the diversity in disease course and variability in demyelination, a feature common to all models of EAE is the presence of axonal pathology (White & Bowker, 1988; Pitt et al., 2000; Smith et al., 2000; Ahmed et al., 2001; Zhu et al., 2003) . Initially, axonal damage was thought to occur at later stages of EAE or MS as a consequence of demyelination. Recent studies challenge this concept, as magnetization transfer ratio, an index of demyelination, does not correlate with the loss of N-acetyl aspartate, an index of axonal injury (Pendlebury et al., 2000) . Moreover, axonal damage is detectable at the earliest clinical stage and is best correlated with inflammation (Kuhlmann et al., 2002; Filippi et al., 2003) . The studies on MBP-induced acute EAE in the Lewis rat are in agreement with these latter findings as axonal pathology is observed in the absence of demyelination (Smith et al., 2000) .
Several issues relating to neuronal/axonal damage remain poorly understood. Are mechanisms of axonal pathology reversible? Do permanent molecular changes occur despite recovery of function? Are the molecular changes underlying neuronal/axonal pathology similar in different EAE models? The present studies were undertaken in order to provide insights into some of these questions. We had previously shown that the expression of several genes and especially PMCA2, synapsin IIa and syntaxin 1B were decreased at onset of acute EAE in the Lewis rat . As PMCAs are major pumps that extrude calcium from cells whereas synapsin IIa and syntaxin 1B mediate vesicular trafficking and exocytosis, respectively (Rosahl et al., 1995; Garcia & Strehler, 1999; Hilfiker et al., 1999; Lin & Scheller, 2000) , alterations in the expression of these genes may underlie neuronal pathology. The current investigations assessed how the expression of the aforementioned neuronal genes is modulated during the entire clinical course of the disease in the Lewis rat, including the recovery period. We also determined whether the expression of these genes is affected in the MOG 35-55 -induced EAE in C57Bl/6 mice, a disease characterized by demyelination, axonal damage and irreversible symptoms. The present findings indicate that changes in PMCA2 mRNA and protein levels correlate with the course of clinical symptoms in two models of EAE. These results further support a role for aberrant calcium extrusion in neuronal pathology during spinal cord inflammation.
Materials and methods

Induction of EAE in the Lewis rat and C57Bl/6 mouse
Female adult Lewis rats (8-10 weeks old, Charles River, Wilmington, MA) were anaesthetized with isoflurane and the hindlimb footpad was inoculated with 100 μL of an emulsion containing 100 μg guinea pig myelin basic protein (Sigma, St Louis, MO, USA) in saline and an equal volume of complete Freund's adjuvant (CFA) supplemented with 200 μg mycobacterium tuberculosis H37RA (Difco, Detroit, MI, USA). Control rats received only saline/adjuvant. C57BL/6J mice (8 weeks old, Charles River, MA, USA) were immunized subcutaneously in two sites (flank and footpad) with 50 μL of an emulsion containing 200 μg MOG 35-55 in saline and an equal volume of complete Freund's adjuvant containing 175 μg mycobacterium tuberculosis H37RA (Difco Laboratories, Detroit, MI, USA) under isoflurane anaesthesia. Control mice received saline/adjuvant. Three hundred nanograms of pertussis toxin (List Biologicals, Campbell, CA, USA) was administrated i.p. at 0 and 48 h after immunization. Animals were given food and water ad libitum and were monitored daily for clinical symptoms. EAE was characterized by ascending paralysis beginning with tail flaccidity. Neurological impairment was scored as: 0, no neurological symptoms (E0); 0.5, tail flabbiness; 1, tail paralysis (E1); 1.5, weakness in one hindlimb; 2, weakness in both hindlimbs or one hindlimb paralysis (E2); 2.5, one hindlimb paralysis and weakness in other hindlimb; 3, paralysis of both hindlimbs (E3). Some animals were killed by exposure to CO 2 /O 2 , the lumbar spinal cords were dissected out and frozen on dry ice. Others were perfused as described below. The tissue was kept at) −80 °C until further use. All animal procedures were performed according to IACUC and institutional guidelines. Mice or rats (< 10%) that did not develop EAE on the expected days were excluded from the study. Animals were given easy access to food and water during experiments. To follow institutional guidelines, animals that reached a clinical score higher than 3 and developed quadriplegia for more than one day, were killed by exposure to CO 2 /O 2 .
Tissue collection
The lumbar spinal cord of rats was divided into two segments. One of the fragments was used for RNA extraction and the other for crude membrane preparation. A total of nine to ten controls and 17 EAE rats at different disease stages (n = 3-5 per group) were used for real-time PCR and western blot analysis. A total of eight controls and 25 EAE mice at different disease stages (n = 5-8 per group) were used for real-time PCR. Four controls and four EAE mice on day 24 post-immunization (PI; clinical score 2.5-3) were used for western blot analysis.
cDNA preparation
Total RNA was extracted from each lumbar spinal cord (10-15 mg) using the RNAqueous isolation kit (Ambion, Austin, TX, USA). Residual genomic DNA was removed by incubating the RNA sample with RNase-free DNase I (Ambion). DNase-treated total RNA (0.5-1 μg) was reverse-transcribed by MMV-RT along with random primers and 40 U RNAse inhibitor (Ambion), in a total reaction volume of 20 μL according to the manufacturer's instruction.
Semi-quantitative RT-PCR for the evaluation of PMCA1, 3 and 4 expression
Five microlitres of the reverse transcription product was amplified in a total volume of 50 μL using SuperTaq™ Polymerase (Ambion) according to the manufacturer's instructions. Primers specific for PMCA1, 3 or 4 (Fresu et al., 1999) were used. Alpha-tubulin, a housekeeping gene not modulated during acute EAE was used as the internal control to normalize for variations in experimental differences. PCR was performed for 30 cycles within the linear range (denaturation, 1 min at 94 °C, annealing, 1 min at 58 °C and extension 1 min at 72 °C). Products were separated on a 1.3% agarose gel in Tris-acetate-EDTA Buffer containing ethidium bromide (0.5 μg/mL). A 15 μL aliquot of the PCR products was loaded on the gel. Images were captured using ChemiImager digital imaging system (Alpha Innotech, San Leandro, CA, USA). The optical density in each band was quantified using the Un-ScanIt software (Silk Scientific, Orem, UT, USA).
Real-time PCR using fluorogenic LUX primers
The primers for quantitative real-time PCR were designed using Lux Primer software (Invitrogen, San Diego, CA, USA), based on the published rat and mouse mRNA and genomic DNA sequences in GenBank. Primers used in the present study are rat and mouse gene-specific as confirmed by the BLAST search. Amplified fragments are sequence 983-1062 of PMCA2 cDNA (GenBank access number J03754), 1895-1962 of synapsin IIa cDNA (M27925), 565-662 of syntaxin 1B cDNA (M95735) and 1051-1121 of α-tubulin cDNA (BC060572).
Quantitative real-time PCR was performed using ABI Prism 7700 (Applied Biosystems) employing a three step cycling protocol (denaturation/annealing/extension). Ten microlitres of diluted cDNA was amplified with Platinum Quantitative PCRMix-UDG (Invitrogen) according to manufacturer's instructions for multiplex real-time PCR, in the presence of ROX reference dye. The no-template negative control was routinely run in every PCR. Samples were subjected to real-time PCR amplification of the target mRNA (100 nm FAM-labelled primer) and alpha-tubulin (50 nm JOE-labelled primer). The reactions were incubated at 50 °C for 2 min to activate uracil N′-glycosylase for PCR carryover decontamination, and then at 95 °C for 2 min for template denaturation and hot start prior to PCR cycling. A cycling protocol consisted of three stages: 15 s at 95 °C for denaturation; 30 s at 55 °C for annealing and 30 s at 72 °C for extension. Thirty-five to 40 cycles were required for quantification of the specific amplicons studied. After the final cycle of the PCR, a melt curve analysis was routinely performed. The reactions were cooled to 60 °C and then heated up to 90 °C to denature doublestrand PCR products. The fluorescent signal recorded during DNA melting was plotted against temperature to generate the melt curve (dF/dT) for each reaction. Quantification was performed using the cycle threshold (Ct) method and results are presented as percentage of control. Data were analysed using ANOVA followed by posthoc test using StatView software, and presented as the mean ± SEM.
Western blot
Crude plasma membranes were prepared from each rat lumbar spinal cord as described previously . Two micrograms of total protein was loaded on a 3-8% polyacrylamide Tris-acetate gel (Invitrogen). Electrophoresis was performed for 60 min at 150 V on ice. The proteins were then transferred onto a polyvinylidene difluoride (PVDF) membrane for 60 min at 30 V using Invitrogen semi-dry transfer procedure. Immunodetection was performed using anti-PMCA2 (1 : 5000, rabbit polyclonal; Research Diagnostic, Flanders, NJ, USA), anti-synapsin IIa (1 : 10 000, mouse monoclonal; BD Pharmingen, Palo Alto, USA), anti-syntaxin 1B (1 : 10 000; rabbit polyclonal; Synaptic Systems, Goettingen, Germany) or anti-α-tubulin (1 : 40 000, mouse monoclonal; Sigma-Aldrich, St-Louis, MO, USA). Secondary antibodies coupled to horseradish peroxidase were used at indicated concentrations (antirabbit, 1 : 10 000; anti-mouse 1 : 20 000-40 000; Chemicon, Temecula, CA, USA). Signal was visualized using ECL Plus kit (Amersham Pharmacia Biotech; Piscataway, NJ, USA) after exposure of blots to Hyperfilm ECL (Amersham Pharmacia Biotech, Piscataway, USA) for 30-180 s and quantified using the Un-Scan-It software (Silk Scientific, Orem, UT, USA). Results are presented as percentage of control after normalization to alpha-tubulin.
Spinal cords obtained from mice were homogenized in 200 μL lysis buffer consisting of 50 mM Tris, 150 mM NaCl, 0.02%, sodium azide, 0.1% sodium dodecylsulphate, 1% NP40, 0.5% deoxycholic acid, 2mM PMSF, 2 μg/mL leupeptin, 2 μg/mL aprotinin, 2 μg/mL pepstatin, at 4°C
. After 20 min centrifugation at 14 000 × g at 4 °C, supernatants were collected and frozen at −20 °C for further analysis. Total protein (10 μg) was loaded on a 7% Tris-Gly gel. The rest of the procedure was performed as described above.
Immunocytochemistry
Control and EAE mice on day 24 PI (clinical score 3, n = 3) were anaesthetized using a lethal dose of pentobarbital and perfused with saline followed by 4% formaldehyde in phosphate buffer (0.1 M). Lumbar spinal cords were postfixed for 3 h, cryoprotected in 20% sucrose and frozen on dry ice. Cryostat sections were used for histological analysis of CD4 (LT3T4), Mac-1 (CD11b/CD18), PMCA2 and 4′,6-diamidino-2-phenylindole (DAPI) staining. Tissue sections collected from control and EAE mice were stained simultaneously. Ten-micrometer-thick sections mounted on Superfrost plus slides or 40-μm-thick free-floating sections were treated with 3% H 2 O 2 in phosphate buffer for 30 min followed by 30% normal goat serum, 0.05% Triton X-100, PBS for 30 min. They were then incubated overnight with PMCA2 antibody diluted 1 : 2000 in 3% normal goat serum and 0.05% Triton X-100, at 4 °C. The sections were then washed for 45 min in phosphate buffer followed by incubation with biotinylated secondary antibody (Jackson Immuno-Research, West Grove, PA, USA; 1 : 200 dilution) for 45 min. Sections were incubated with streptavidin-peroxidase complex (Perkin-Elmer Life Sciences, Boston, MA) at 1 : 200 for 1 h, rinsed, and incubated with tyramide-fluorescein solution (TSA, PerkinElmer Life Sciences; 1 : 100 dilution) for 5-10 min at room temperature. For identification of lymphocytes and macrophages/microglia, CD4 (LT3T4, BD Pharmingen, San Diego, CA, USA) and Mac-1 (CD11b/CD18; BD Pharmingen) rat monoclonal antibodies were used at 1 : 100 and 1 : 200 dilution, respectively. After overnight incubation at 4 °C, sections were rinsed and incubated 1 h at room temperature with FITC-or Texas Red-coupled rat antibodies (1 : 200), followed by PBS rinses for 1 h. The sections were air-dried and coverslipped with Vectashield or Vectashield-DAPI (Vector labs). Negative controls were treated as described above except that primary antibodies were omitted.
Image analysis
To quantify PMCA2 immunostaining, images were captured under a fluorescent microscope (×200) using the image software and an Olympus D50 digital camera. Same light intensity and exposure time were applied to all photographs for each staining. Pictures in the ventral grey matter were collected from the two sides of three sections per animal. All images were then analysed with PhotoShop with a 300-μm square box area being measured, averaged, and compared among different animals. A t-test was applied to examine the statistical significance (P < 0.05) of differences in mean values between control and EAE samples.
Results
A number of neuronal genes are differentially expressed at onset of acute EAE in the Lewis rat . Among those are PMCA2, synapsin IIa and syntaxin 1B whose expression is dramatically reduced at the earliest clinical stage. The present study assessed the expression of the aforementioned genes during the entire course of the disease in two different EAE models.
Assessment of real-time PCR method
We took advantage of the recent Lux primer multiplex real-time PCR method to analyse the relative expression levels of PMCA2, synapsin IIa and syntaxin 1B. This approach enabled the measurement of mRNA levels in individual lumbar spinal cords, not only in the rat, but also in the mouse, which yields limited amounts of tissue. Quantitative real-time PCR using fluorogenic LUX primers has been developed recently and used for the quantification of transcript levels of multiple genes in the same sample (Lowe et al., 2003; Di Giovanni et al., 2005) . Therefore, we performed several control experiments to validate this method in our hands. To assess the specificity of each PCR, we generated the melt curve (dF/dT) by plotting the fluorescent signal recorded during DNA melting against the temperature at the end of each reaction. The respective Tm, indicated by the peak of the curve, was 85 °C for the PMCA2 amplicon, 82 °C for synapsin IIa or syntaxin 1B, and 82.5-83 °C for α-tubulin (Fig. 1A) . No specific product was obtained from the RNA sample (no reverse transcriptase). The nonspecific products, which result from primer-dimer formation, were detectable only when PCR was performed for 45 cycles and displayed lower Tm (70-75 °C) than that of specific amplicons (data not shown). Hence, the amplification specificity in each reaction was confirmed by the presence of a correct specific Tm and by the absence of a lower non-specific Tm.
Quantification of transcript levels in control and EAE samples was achieved by measuring the cycle threshold (Ct) for target gene and α-tubulin for each cDNA using the ABI Prism 7700 software (Applied Biosystems). The parameter Ct is defined as the first cycle in which there is a significant elevation in fluorescence above the threshold. To assess amplification efficiencies of target gene and alpha-tubulin, relative standard curves were generated with serial dilutions of total cDNA (300 ng to 1.5 ng). As indicated in Fig. 1B , the differences between target and tubulin transcript amplification efficiencies (indicated by the slope of the standard curves) were lower than 0.4. As amplification efficiencies of target and α-tubulin transcripts were similar, analysis of relative expression could be performed using the 2-ΔΔCt method (see Livak & Schmittgen, 2001 ).
Restitution of PMCA2 levels precedes functional recovery from acute EAE in the Lewis rat
To determine the correlation between PMCA2 expression and manifestation of neurological symptoms, we used real-time PCR and quantified transcript levels of the calcium pump in the lumbar spinal cord of Lewis rats during the various clinical phases of acute EAE including recovery. MBP-inoculated rats developed progressive symptoms starting on day 11 postimmunization (PI), manifested hindlimb paralysis between days 13 and 14, begun to remit on day 15 PI and completely recovered by day 18 PI (Fig. 2A) . PMCA2 transcript levels were 46% of controls at onset of symptoms on day 11 PI, continued to decrease subsequently reaching the lowest levels (30%) by day 13 PI. However, on day 14 PI, immediately before the initiation of remission, PMCA2 expression increased to 61% of controls and remained at the same level after complete recovery on day 18 PI. Although PMCA2 mRNA levels on days 14 and 18 PI were still lower in diseased as compared to control rats, statistical analysis indicated that the results were not significantly different (Fig. 2B) . To determine whether PMCA2 protein expression follows the same pattern, we performed western blot analysis using lumbar spinal cord crude membrane extracts. In agreement with the results obtained by realtime PCR, we found that PMCA2 protein levels were significantly decreased on days 11 through 13 and returned to control values by day 14 PI (Fig. 2C) .
The PMCA gene family encodes four isoforms (PMCA1-4) (Shull & Greeb, 1988; Verma et al., 1988; Greeb & Shull, 1989; Strehler, 1990; Keeton & Shull, 1995) . To determine whether the changes observed are unique to PMCA isoform 2, we quantified transcript levels of the other isoforms (PMCA1, 3 and 4) by semi-quantitative RT-PCR using primers specific for each isoform. These studies were performed on rats at stage E3 (day 13 PI) as PMCA2 expression is the lowest at this phase as indicated both by semi-quantitative RT-PCR and real-time PCR (Fig. 2B) . PMCA1, 3 and 4 transcript levels in the lumbar spinal cord were not different than controls (Table 1) indicating that changes in the expression of PMCA2 are selective and specific to this isoform.
Synapsin IIa and syntaxin 1B expression is differentially modulated during MBP-induced acute EAE in the Lewis rat
To determine expression patterns of the synaptic/vesicular proteins synapsin IIa and syntaxin 1B during the entire course of EAE in the Lewis rat, we performed real-time PCR at different days following immunization including the phases when gradual remission occurs. As expected, expression of synapsin IIa decreased at onset of symptoms (day 11 PI, 53% of control), and reached the lowest level on day 13 PI (31%) (Fig. 3A) . Thereafter, synapsin IIa expression started to recover. Although transcript levels had a tendency to remain low (62% and 73% on days 14 and 18 PI, respectively), the values were not significantly different from controls (Fig. 3A) . Immunoblot analysis of membrane extracts indicated that synapsin IIa protein levels were also significantly decreased on day 12 PI, 24 h after the first reduction in mRNA levels is detected (Fig. 3B) . Synapsin IIa levels remained low on day 13 PI and were restored to control values on day 14 PI, immediately before the onset of remission from clinical symptoms.
In contrast, analysis of syntaxin 1B mRNA and protein levels raised the possibility of posttranscriptional regulation during recovery. Although syntaxin 1B mRNA levels were already decreased on day 11 PI (52% of control, Fig. 4A ), protein levels appeared to be more stable as they were not statistically different from controls even on days 11 and 12 PI (Fig. 4B) . Moreover, whereas syntaxin 1B transcript levels remained low despite complete remission on day 18 PI (Fig. 4A) , protein levels were quickly restored to control values after a brief decrease on day 13 PI. The restitution of syntaxin 1B protein levels in spite of reduced mRNA on days 14 and 18 PI suggests post-transcriptional regulation, an attempt to restore normal synaptic function.
PMCA2, synapsin IIa and syntaxin 1B expression is decreased during the clinical course of MOG-induced EAE in the mouse
To determine whether the molecular changes observed in acute EAE in the rat also occur in a different EAE model, we quantified PMCA2, synapsin IIa and syntaxin 1B transcript levels in the lumbar spinal cord of C57Bl/6 mice during the course of the disease starting at onset of symptoms. C57Bl/6 mice exhibit their first deficits (tail weakness) on day 13 PI, reach the highest clinical score by day 16 PI and remain affected thereafter for several weeks. In agreement with our findings in the rat, PMCA2 transcript levels decreased at onset of neurological deficits (55% of control on day 14 PI, clinical score 1, Fig. 5 ), were further reduced on subsequent days (39 and 36% of control on days 15 and 16 PI) and remained low at 24 day PI (35% of control). Similarly, synapsin IIa and syntaxin 1B expression was 56 and 66% of control, respectively, at onset of symptoms (Fig. 5) . Syntaxin 1B mRNA levels remained diminished throughout the course of the disease, whereas synapsin IIa expression was lower than controls until day 16 PI (Fig. 5) . Immunoblot analysis confirmed that PMCA2 and synapsin IIa protein levels were markedly reduced in the spinal cord during EAE (Fig. 6) . As in the case of acute EAE in the rat, syntaxin 1B protein levels (Fig. 6 ) remained stable and did not show a significant modulation (P = 0.07).
Inflammatory cell infiltration and reduction in PMCA2 immunoreactivity correlate in MOGinduced EAE in C57Bl6 mice
To establish a potential correlation between inflammatory cell infiltration and alterations in PMCA2 protein expression, we performed immunocytochemistry on spinal cord sections using antibodies against PMCA2 and markers of T-cells (CD4) and macrophages/microglia (Mac-1). We defined the general inflammatory infiltration and microglial activation in the spinal cord of control and EAE mice using DAPI, CD4 and Mac-1 antibodies. DAPI staining revealed dense cell infiltration in the white matter and around blood vessels (Fig. 7A-C) . CD4 immunoreactive lymphocytes were mostly localized to the dorsal and ventral funiculi, though they could also be found in other regions of the white matter in mice affected by EAE (Fig.  7D-G) . Scarce CD4 positive cells were observed in the grey matter of EAE animals (data not shown). In contrast, CD4 immunoreactive lymphocytes were not found in the CNS parenchyma of controls. Analysis of PMCA2 immunoreactivity indicated strongly labelled axon bundles in control spinal cords ( Fig. 7K and M) , whereas the staining was greatly reduced in EAE (Fig.  7L and N) .
Distribution of Mac-1 immunoreactivity, a marker of monocytic lineage cells including macrophages and microglia, indicated light staining in the grey matter of controls (Fig. 8A) , especially in cells exhibiting the morphology of resting microglia (not shown). In contrast, numerous, strongly stained Mac-1 positive cells were observed throughout the white and grey matter of the spinal cord of EAE animals (Fig. 8B) .
Labelling with PMCA2 antibody revealed strong, punctate staining throughout the grey matter (Fig. 8C) . Moreover, the plasma membrane of numerous neurons was clearly stained (Fig. 8E-F ). PMCA2 immunoreactivity was greatly reduced in EAE animals (Fig. 8D) . Quantification of the fluorescent signal confirmed the reduction in PMCA2 staining in spinal cord grey matter of EAE animals as compared to controls (relative optical densities; control mice 15.0 ± 0.5, n = 3, EAE mice 8.4 ± 0.8, n = 3; P < 0.05).
Discussion
Our present study clearly establishes an inverse correlation between the expression pattern of the neuronal calcium pump PMCA2 and the course of symptomatic disease in two different EAE models. Moreover, we report that two synaptic proteins may also play a role in neuronal dysfunction during the early disease phases in both models whereas their contributions may diverge at later stages. Interestingly, among the three proteins, PMCA2 expression was the earliest to be affected and to recover during the course of EAE, supporting a key role for this protein in neuronal dysfunction, as suggested by our in vitro studies on spinal cord neurons (Kurnellas et al., 2005) .
The manifestation of chronic EAE in the C57Bl/6 mouse and acute EAE in the Lewis rat differ substantially in clinical course as well as pathohistology. Demyelination is little or absent in the MBP-inoculated Lewis rat but extensive in the MOG-immunized C57Bl/6 mouse. Thus, our findings suggest that at least some of the molecular changes that underlie neuronal dysfunction are not the direct result of demyelination, but may be the consequence of inflammation. The reduction in the expression of other synaptic/membrane proteins such as MAP2, synaptophysin, synapsin I and PSD-95 in the rat acute model (Zhu et al., 2003) also support inflammation-mediated neuronal dysfunction during EAE. Moreover, in a different animal model of MS induced by injection of a murine Theiler's virus substrain GDVII, severe axonal pathology in normal appearing white matter has been shown to occur in the absence of apparent demyelination. Furthermore, loss of myelin can be observed subsequent to axonal pathology leading to the hypothesis that axonal injury may be a trigger for demyelination (Tsunoda et al., 2003) . Thus, the present investigations highlight additional molecular players of axonal dysfunction that are common to both acute, remitting and chronic non-remitting EAE and shed light onto the temporal course of events that may contribute to neuronal and axonal pathology in the disease.
Axonal damage during MS, although recognized in early studies, has recently received increasing attention (Charcot, 1868; Dawson, 1916; reviewed in Ferguson et al., 1997; Trapp et al., 1998 Trapp et al., , 1999 Compston, 1999; De Stefano et al., 1999; Bitsch et al., 2000; Peterson et al., 2001) . Although axonal transection and loss was considered to be a correlate of permanent disability during the late stages of MS, axonal pathology is now observed at the earliest clinical phases of the disease (Trapp et al., 1998; Matthews et al., 1998; Kuhlmann et al., 2002; Filippi et al., 2003) . Moreover, several investigations indicate that neuronal/axonal dysfunction and damage may be reversible. MRS studies demonstrate a transient decrease in the neuronal marker N-acetyl aspartate during acute relapses of MS (Davie et al., 1994) . In addition, axonal anomalies such as accumulation of amyloid precursor protein (APP) and dephosphorylation of neurofilament H, are not accompanied by ultrastructural changes reflecting axonal transection such as formation of terminal ovoids and swellings. This raises the possibility that axonal dysfunction does not always lead to axonal transection and may be reversible (Mancardi et al., 2001) . Moreover, axonal pathology can be also demonstrated in normally myelinated white matter of MS brain, as assessed for example by abnormal ubiquitination of axons (Giordana et al., 2002) . Interestingly, serotoninergic transmission, which is interrupted during the initial paralytic stages of EAE due to damage of bulbospinal neurons, is re-established during remission (Sandyk, 1999) and nerve conduction in the peripheral and central nervous system is restored during recovery from acute EAE in the Lewis rat (Pender, 1989) . Although this later improvement was attributed to partial remyelination of fibers, amelioration of symptoms due to the reversal of aberrant neuronal gene expression during remission can not be ruled out. Our findings further emphasize this notion, as the decrease in PMCA2 transcript levels is reversed just before the initiation of recovery, suggesting that restoration of PMCA2 levels is necessary for reinstating normal neuronal function. Similarly, synapsin IIa protein expression returned to control values during remission. Whereas transcript levels of syntaxin 1B, which is exclusively localized to grey matter (Aguado et al., 1999) , remained low in the Lewis rat despite clinical recovery, protein levels remained stable for a longer period, decreased and finally tended to return to control values. Our results are in conceptual agreement with the studies of Zhu et al. (2003) showing a partial recovery of some other dendritic and synaptic proteins during remission. Therefore, reversible mechanisms underlying axonal/neuronal pathology at early stages of MS or EAE may be different from those mediating axonal transection and loss at later phases.
It should be emphasized that clinical scores reflect changes only in motor function and do not account for other impairments such as sensory alterations. Indeed, the dorsal horn of the spinal cord, a region primarily involved in nociception, is also affected by inflammation during EAE. However, due to the difficulty in assessing pain in EAE animals, few experimental data exist in affected rodents. So far, Pender (1986) has shown that hypoalgesia to mechanical stimulus resolves before motor deficits in rats. Aicher et al. (2004) have reported that thermal hypoalgesia appears just before motor deficits, while mild thermal hyperalgesia occurs during the chronic phase of MOG-induced EAE in mice. Whether the reduction in the expression of proteins in the dorsal horn such as PMCA2, synapsin or syntaxin 1B contribute to some nociceptive alterations needs to be further addressed.
A reduction in calcium extrusion may be of particular significance for axonal pathology because an increase in intra-axonal calcium is an important trigger causing injury in several disorders (Ransom et al., 1990; George et al., 1995) . Interestingly, the importance of neuronal PMCA activity in maintaining intracellular calcium balance has been recently highlighted (Pottorf & Thayer, 2002) . We also found that blockade of PMCA2 in spinal cord neuronal cultures results in damage of processes, similar to that observed in multiple sclerosis, followed by cell death (Kurnellas et al., 2005) . In vivo, such pathological changes may activate compensatory mechanisms to protect cells or limit the extent of the injury. To this end, the suppression of PMCA2-mediated calcium extrusion could be compensated by an increase in the levels and activity of other PMCA isoforms to maintain calcium homeostasis and prevent the induction of neuronal injury cascades. However, such compensatory mechanisms do not appear to occur during EAE. Indeed, whereas PMCA2 mRNA levels in the rat spinal cord dropped to their lowest value at the peak of the disease, transcript levels of PMCA1, 3 and 4 were not significantly different from controls, indicating selective regulation of PMCA2 expression. This specific down-regulation also occurs after spinal cord injury Tachibana et al., 2004) . Interestingly, the specialized and non-redundant role of PMCA2 is indicated by the phenotype of mice with mutations in the PMCA2 gene. Deafness, unsteady gait and unbalanced movement, impairment of calcium transport into milk, and partial loss of motor neurons in the spinal cord are the major anomalies reported to date (Kozel et al., 1998; Street et al., 1998; Shull, 2000; Kurnellas et al., 2005; Reinhardt et al., 2004) . Thus, the presence of other isoforms does not compensate for the absence or reduced PMCA2 activity.
Taken together, our results pinpoint the down-regulation of a protein involved in calcium extrusion as a potential important contributor to neuronal pathology in EAE. The reduction in PMCA2 may affect calcium homeostasis leading to induction of injury cascades. Recent studies have also indicated aberrance in other calcium-related mechanisms during EAE. Kornek et al. (2000 Kornek et al. ( , 2001 reported abnormal localization and integration of N-type calcium channels in dystrophic axons suggesting aberrant calcium influx. Altered axonal expression of sodium channels and Na + / Ca 2+ exchanger has been suggested as a mechanism of axonal damage in EAE and MS Craner et al., 2003 Craner et al., , 2004 . It is worth noting that, among proteins involved in ion homeostasis, PMCA2 expression is reduced at the very first manifestation of clinical EAE and is well correlated with the disease course. Finally, increased calcium not only induces injury mechanisms but also interferes with synaptic communication. In addition, defects in proteins involved in vesicular and synaptic function can further exacerbate abnormal synaptic transmission by disrupting neurotransmitter release. In conclusion, our studies and those of others suggest a potential role for abnormal ion homeostasis and synaptic/vesicular function in axonal/neuronal damage during EAE. These anomalies may indeed interfere with normal synaptic transmission and neuron-glia interactions, increasing the vulnerability of neurons to injury due to impediments in myelin or glia-mediated trophic support. By shedding light on molecular mechanisms of neuronal damage during neuroinflammatory diseases, the present and other ongoing studies are of pivotal importance to advance our knowledge of MS pathogenesis. They further support the need of combinatory therapeutic strategies including those aimed at neuroprotection in neuroinflammatory diseases such as MS (Giuliani & Yong, 2003; Brand-Schieber & Werner, 2004; Kanwar et al., 2004 Assessment of real-time quantitative multiplex PCR using LUX fluorogenic primers. Complementary DNA template synthesized from spinal cord mRNA was analysed for target (PMCA2; synapsin IIa or syntaxin 1B) transcript levels using FAM-labelled specific primers and simultaneously for α-tubulin transcript level using a JOE-labelled primer. (A) Representative melting curves [temperature vs. fluorescence (dF/dT)]. The uniqueness of the amplicon synthesized after PCR using the FAM-labelled target primers and the JOE-labelled alpha-tubulin primer were assessed by melting analysis. Ramping of the temperature to 90 °C produced a single unique DNA dissociation curve at 82-85 °C for each fluorescence channel.
(B) Real-time PCR standard curves. Wells containing serial dilutions of total cDNA template (300-1.5 ng) were assayed to generate a standard curve for target and alpha-tubulin transcripts.
The Ct for each dilution is determined and expressed as a function of total cDNA loaded. The standard curves demonstrate a wide dynamic range that was linear over at least two orders of magnitude. The linear regression correlation coefficient for each curve is > 0.98, and the slope (indicating efficiency) approximates 3.1 for PMCA2, 3.4 for synapsin IIa, 3.2 for syntaxin 1B and 3.3-3.4 for α-tubulin. As the slopes for target and α-tubulin transcripts were similar (difference < 0.4), transcript relative levels in experimental samples were further calculated from the respective Ct values for target gene and α-tubulin using the 2-ΔΔCt method. Expression of synapsin IIa mRNA and protein levels in the lumbar spinal cord during the course of acute EAE in the Lewis rat. (A) Synapsin IIa transcript levels assessed by real-time PCR. C stands for control, animals immunized only with adjuvant. (B) Synapsin IIa protein levels assessed by western blot analysis. ***P < 0.001; **P < 0.01; *P < 0.05, compared with control. (D) Syntaxin 1B transcript levels assessed by real-time PCR. **P < 0.01; *P < 0.05, compared with control. Note that PMCA2, synapsin IIa and Syntaxin 1B transcript levels are significantly reduced at onset of symptoms, similar to that observed in acute EAE in the rat. Mac-1 (A and B) and PMCA2 (C, D and E) immunostaining in lumbar spinal cord coronal sections in controls (A, C and E) and EAE (B and D) mice. Expression of Mac-1, a marker of microglia/macrophages, is increased throughout the whole lumbar spinal cord in EAE animals (day 24 PI) while the intensity of PMCA2 labelling is reduced. PMCA2 immunostaining is mainly localized to grey matter, with some labelled processes penetrating the ventral and lateral funiculi. (E-G) High magnification picture of PMCA2 (E), DAPI staining (F) and merged stainings (G) at the grey matter/white matter interface showing PMCA2 immunostaining on neuronal membrane (E, G, arrow) and some processes penetrating the white matter (E, G, arrowhead). Arrow in F indicates a typical neuronal nucleus stained with DAPI. Scale bar, 200 μm (A-D); 50 μm (E-G). Table 1 Relative levels of PMCA1, 3 and 4 mRNA in lumbar spinal cord of controls and EAE (day 13 PI, peak of disease) Lewis rats assessed by RT-PCR mRNA, as percentage of control
Controls EAE
PMCA1 100 ± 7 110 ± 11 PMCA3 101 ± 2 110 ± 20 PMCA4 100 ± 11 97 ± 10
The results are expressed as percentage of control (mean ± SEM, n = 3) after normalization to α-tubulin, a housekeeping gene whose expression is not modified during EAE.
